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Abstract I review recent observational progress on 
Anomalous X-ray Pulsars, with an emphasis on timing, 
variability, and spectra. Highlighted results include the 
recent timing and flux stabilization of the notoriously 
unstable AXP IE 1048.1-5937, the remarkable glitches 
seen in two AXPs, the newly recognized variety of AXP 
variability types, including outbursts, bursts, flares, and 
pulse profile changes, as well as recent discoveries re- 
garding AXP spectra, including their surprising hard X- 
ray and far-infrared emission, as well as the pulsed ra- 
dio emission seen in one source. Much has been learned 
about these enigmatic objects over the past few years, 
with the pace of discoveries remaining steady. However 
additional work on both observational and theoretical 
fronts is needed before we have a comprehensive under- 
standing of AXPs and their place in the zoo of manifes- 
tations of young neutron stars. 

Keywords pulsars • magnetars ■ variability • X-ray 
spectra • timing 
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magnetar physics. The intriguing similarities with radio 
pulsars offer the promise of solving long-standing prob- 
lems in our theoretical understanding of the latter. 

In this review, I describe the most recent observa- 
tional progress on AXPs. The review will be divided into 
sections on timing variability and spectra (SJ, 
choices that, unfortunately, may exhibit some personal 
bias, necessary given the limited space available. I hope 
to show that recent AXP progress has been significant, 
however ultimately much observational and theoretical 
work remains to be done before a complete picture of 
AXPs and their place in the neutron-star zoo becomes 
clear. 

Note that the most comprehensive and recent review 

of AX Ps and magnetars in general is that bv lWoods fc ThompsonI 
(l2004l) . In this review, I make use of the detailed, online 
summary of magnetar properties and references main- 
tained at McGill University by C. Tam 
(www.physics.mcgill.ca/ ~pulsar/magnetar/main.html). 



2 Timing 



1 Introduction 

Although very few in number, the seven, and possibly 
nine, known so-called "Anomalous X-ray Pulsars" (AXPs; 
see Table are potentially very powerful for making 
progress on the physics of neutron stars. AXPs embody 
properties that are highly reminiscent of two other, very 
different classes of neutron star: the spectacular Soft 
Gamma Repeaters (SGRs; see contributions by 
S. Mereghetti and others in this volume), and conven- 
tional radio pulsars. The great similarity of AXPs to 
SGRs is what makes the case for AXPs being magnetars 
so compelling and also offers the hope of constraining 
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Timing observations of AXPs hold considerable infor- 
mation about both their surroundings via the external 
torques they feel, as well as potentially about their inter- 
nal structure, via the "glitches" they experience. Here we 
summarize what is known regarding AXP timing prop- 
erties, highlighting the most interesting issues. 

2.1 Stability and Phase-Coherent Timing 

Studies of the timing properties of AXPs can reason- 
ably be categorized as pre- and post-Rossi X-ray Tim- 
ing Explorer (RXTE), launched in late 1995. Prior to 
RXTE, timing studies were limited to occasional ob- 
servations spread over many years. These characterized 
the overall spin-down behavior of several AXPs, and 
also suggested some interesting deviations from simple 
spin-down fe.g. lBavkal fc Swankll99^ICorbet fc Miharal 
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Table 1 Properties of Known and Candidate AXPs. 



Name 


P 


pa 


B 


Timing'' 


X-ray Variability*^ 


Waveband'* 


Association 




(s) 


(xlO-") 


(xlO" G) 


Properties 


Properties 


Detections 




CXOU J010043.1-721134 


8.02 


1.9 


3.9 


S? 


S 


X O? 


SMC 


4U 0142+61 


8.69 


0.2 


1.3 


S G? 


M P 


H X O I 




IE 1048.1-5937 


6.45 


2.7 


4.2 


N 


S F F B 


H X I? 




CXOU J164710.2-455216 


10.61 










X 


Westerlund 1 


IRXS J170849.0-400910 


11.00 


1.9 


4.7 


S G G 


S 


H X I 




XTE J1810-197 


5.54 


0.5 


1.7 


N 


B 


X I R 




IE 1841-045 


11.78 


4.2 


7.1 


N 


S 


H X I? 


SNR Kes 73 


AX J1845-0258 


6.97 








o 


X 


SNR G29.6+0.1 


IE 2259+586 


6.98 


0.048 


0.59 


S G 


S O B P 


H X I 


SNR CTB 109 



° Long-term average value. 

''S=stable (i.e. can be phase-connected over many-month intervals, generally); N=noisy (i.e. generally difficult to phase- 
connect over many-month intervals); G= one glitch. 



'^S=stable (i.e. no variability, generally); M=modest variability; F=onc flare; 0=one outburst; B=bursts; P=pulse proflle 
changes. 

"^H^hard X-ray; X=X-ray; 0=opticaI; I=infrared; R=radio. 



ll997HBavkal et al.ll2nonHPaul et al.ll20n(]D . However the 
nature of these deviations could not be determined, be- 
cause of the paucity of observations. Careful searches 
for Doppler shift s of the o bserved periodicities had been 
done (e.g. .Iwasawa et al.lil992,; Baykal & Swank . 199^ : 
typical upper limits on asini were ~0.1 It-sec for a va- 
riety of orbital periods. 

RXTE and its Proportional Counter Array (PCA) 
revolutionized the timing of AXPs. The first PCA stud- 
ies of AXPs reduced the limits on asini to 0.03 It-s 
for IE 2259+586 and 0.06 It-s for IE 1048.1-5937, ef- 
fectively ruling out any main-sequence star companion 
and rendering binary accret ion models highly problem- 
atic l|Mereghetti et alJll998(l . 

Subsequently, a program of regular monthly monitor- 
ing of the AXPs with the PCA on RXTE was approved 
and showed that fully phase-coherent timing of AXPs 
could be done over periods of years, assuming spin- down 
mode ls consisting o f very few parameters (Kasoi et alJ 
Il999|) . For example. ICavriil fc Kasoil l|2002|) showed that 
in 4.5 yr of RXTE monitoring, pulse times of arrival for 
IE 2259+586 could be predicted to within 1% of the 
pulse period using v, v and v only. Such stability is com- 
parable to that of conventional young radio pulsars and 
very much unlike the large amplitude torque noise com- 
monly seen in accreting neutron stars. Long-term, regu- 
lar monthly (or even bi-monthly) observations of AXPs 
continue today, with four of the five persistent confirmed 
Galactic sources (4U 0142+61, IRXS J170849.0-400910, 
IE 1841-045 and IE 2259+586) generally exhibiting 
stability that allows phase cohere nce with few parame- 
ters over vears (i.Kaspi et al. 2000: ,Gavriil fc Kaspill2002t 



A summary of the timing properties of the known AXPs 
is given in Tabled 



53000 
MJD 



Fig. 1 Spin-frequency history of IE 1048.1-5937 from 
RXTE monitoring (work in preparation). Note the simple 
spin down in the last 1.9 yr. 



One of the established persistent Galactic AXPs, IE 
1048.1—5937, has been much less stable than the others, 
such that phase-coherent timing with unambiguous pulse 
counting over more tha n a few we eks or months has been 
difficult to achieve (Kaspi et alJ ii2001: Gavriil fc Kaspl 



iGotthelf et al.l20fl2l:lKaspi & Gavrii]l20fl3l:lDib et all2006f)l200^ . This poor stability is apparent in the source's 
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frequency evolution (Fig. 1). Recently, however, during 
an extended period of pulsed flux stability following two 
long-lived X-ray flares (see ^'d.'d\ below), the timing has 
also become quite stable, such that unambiguous phase 
coherence could be maintained over a nearly 2-yr inter- 
val from MJD 53158 to 53858 using 4 spin parameters, 
although significant residuals remain (Fig. [21). Details of 
these results will be described elsewhere. It remains to 
be seen if an end to this stability will be accompanied by 
additional radiative events, a result that would hopefully 
be useful for strongly constraining models for the torque 
noise and flares. 
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Fig. 2 Phase residuals following removal of four fre- 
quency derivatives for the last 1.9 yr of data for AXP IE 
1048.1 — 5937. The features are roughly 300 d apart and are 
presently consistent with being due to random timing noise 
(work in preparation). 



2.2 Glitches 

The impressive timing stability seen in most AXPs, in 
which pulse periods could easily be determined to bet- 
ter than a part in a billion, permitted for the first time 
the unambiguous detection of sudden spin-up glitches in 
AXPs. IRXS J170849. 0-400910 was the first pulsar seen 
to glitch ( Kaspi ct al, 20QQ.) . This glitch had a fractional 
frequency increase of 6 x 10~^, very similar to what is 
seen for the Vela pulsar and other comparably young ob- 
jects. Continued monitoring of th e same AXP revealed a 
second, larger glitch 1.5 yr later ijKaspi fc Gavrii]|[2003t 
iDairOsso et al.ll2003|) . with a nearly complete recovery 
of the frequency jump, unusual by pulsar standards (see 
Fig.El). 

In June 2002, at the time of a major radiative out- 
burst (see fjni below), the otherwise stable AXP 
IE 2259-1-586 exhibited a large glitch (fractional frequency 
increase of 4 x 10~^) which was accompanied by signif- 
icant and truly remarkable recovery in which roughly 




51000 51500 52000 

Modified Julian Day 



Fig. 3 Long-term RXTE timing data for IRXS 
J170849.0-40 0910 showing the t wo glitches observed 
thus far ffrom lKaspi fc Gavrii]||200g) . 



a quarter of the frequency jump relaxed on a ^40-day 
scale. As part of that recovery, the measured spin-down 
rate of the pulsar was temporarily larger than the long- 
term pre-burst average by a factor of 2! This recov- 
ery was somewhat similar to, though better sampled 
than, the second glitch seen in IRXS J170849.0-400910. 
The IE 2259-f586 event was the first (and still the only 
unambiguous, but see ti3.3|) time a spin-up glitch in a 
neutron star was accompanied by any form of radia- 
tive change. This event suggests that large glitches in 
AXPs are generally associated with radiative events; per- 
haps such an event occured at the time of the second 
glitch in IRXS J170849.0-400910 but went unnoticed 
due to sparse monitoring. The very interesting recoveries 
of the IE 2259-^586 and second IRXS J170849.1-400910 
glitches seem likely to be telling us something interesting 
about the interior of a magnetar and how it is different 
from that of a conventional, low-field neutron star. This 
seems worth more attention than it has received in the 
literature thus far. 

Recently a timing anomaly was reported in AXP 
4U 0142-1-61 (Dib ct al . 2006). Although at first the anomaly 
seemed consistent with a s pin- up glitdi follow ing; a burst 



observed on April 6, 2006 jKaspi et al."200^, the subse 
quent data do not support a simple glitch interpretation. 
This is work in progress and will be reported on else- 
where. However. lMorii et alJ^|2005^ and lDib et al.l^|2006^ 
suggest that this pulsar may have glitched during a large 
observing gap in 1998-99, a possibility supported by ap- 
parent changes in the pulse profile that see m to have 
occured in the same interval llDib et al.ll2006^. 
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3 AXP Variability 

Arguably one of the most interesting recent discoveries in 
the study of AXPs is the range and diversity of their X- 
ray variabihty pr operties. Pre-RXTE, there was variabil- 
ity reported fe.g.'Bavkal fc Swank'l996^ 'Corbet fc Miharal 
Ll997; Oostcrbrock ct al. 1998; Paul ct al. 2000), however 
those relatively sparse observations were made using dif- 
ferent instruments aboard different observatories, some 
imaging, some not, and were often presented without un- 
certainties, making their interpretation difficult. More- 
over, given the sparseness of the observations, identify- 
ing a time scale for the variations, or being certain the 
full dynamic range was being sampled, was not possible. 

Post-RXTE, and, additionally, with contemporane- 
ous observations made using Chandra and XMM, the 
picture has become much clearer. Presently there ap- 
pear to be at least four types of X-ray variability in 
AXP pulsed and persistent emission: outbursts (sudden 
large increases in the pulsed and persistent flux, accom- 
panied by bursts and other radiative and timing anoma- 
lies, which decay on time scales of weeks or months), 
bursts (sudden events, lasting miUiseconds to seconds), 
long-term flux changes (time scales of years), and pulse 
profile changes (on time scales of days to years). We ex- 
amine each of these phenomena in turn. 
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Fig. 4 Flux time series plotted logarithmically following 
the 2002 IE 2259+586 outburst (Woods ct al. 2004). Di- 
amonds denote inferred unabsorbed flux values calculated 
from RXTE PCA pulsed-flux measurements. Asterisks and 
squares mark independent phase-averaged unabsorbed flux 
values from RXTE and XMM, respectively. The dotted line 
denotes the flux level measured using XMM 1 fortuitously 
week prior to the glitch. The dashed line is a power-law flt 
to the PCA flux measurements during the observations con- 
taining the burst activity (<1 day). 



3.1 Outbursts and Transients 

The current best example of an AXP outburst is that 
seen in June 2002 from IE 2259-^586 (Kaspi ct al. 2003; 
IWoods e t al. 2004). This outburst, which lasted only a 
few hours, fortuitously occured during a few- hour monthly 
RXTE monitoring observation. During the outburst, the 
pulsed and persistent fluxes increased by a factor of ~20 
(see Fig.^J, there were over 80 short SGR-like bursts in 
a few-hour period (see ii3.2|) , there were substantial pulse 
profile changes (see tl3. 41 below V there was a short-term 
decrease in the pulsed fraction, the spectrum hardened 
dramatically, there was a large glitch (see ^2.2\ above) , 
and there was an infrared enhancement (see ti3.5|) . All 
this came after over 4 yr o f otherwise uneventful behav- 
ior l|Gavriil Kasnil '2002') . Note that had RXTE not 
been observing the source during the outburst, the entire 
event would have appeared, from the monitoring data, to 
consist principally of a glitch. With only monthly moni- 
toring, all but the longest-term radiative changes would 
have been missed. Interestingly, this outburst was no- 
tably different from SGR outbursts; for the AXP, the 
energy in the outburst "afterglow" (~ 10^^ erg; see Fig. 

greatly exceeded that in the bursts (^ 10'^^ erg). This 
is in direct contrast to the giant flares of SGRs. The 
reason for this difference is unknown. 

The outburst of IE 2259-1-586 seems Hkely to be a 
good model for the behavior of the "transient" AXP 
XTE J1810-197. This source, unknown prior to 2003, 



was discovered as a bright 5.5 s X-ray puls ar, upon emerg- 
ing f rom behind the Sun in that year ijlbrahim et alJ 
l2004j) . and has been fading ever since. The source's spin 
down and spec t rum a re consistent with it being an AXP. 
iGotthelf et aP l)2004|) showed from archival ROSAT ob- 
servations that in the past, the source, in quiescence, was 
nearly two orders of magnitude fainter than in outburst. 
See the contribution by Gotthelf et al. in this volume for 
more details. An important question raised by the discov- 
ery of XTE J1810— 917 is how many more such objects 
exist in our Galaxy? This has important implications for 
AXP birthrates. 

Such an outburst may also explain the behavior of 
the unconfirmed transient AXP AX J1845-0258 (see Ta- 
ble^. Pulsations with a period of 7 s were observed in 
an arch ival 1993 ASCA observation ijTorii et al.lll998t 
iGotthelf fc Vasisht 1998.), however subsequent observa- 
tions of the target revealed a large drop in flux, and pul- 
sations have not been redetected. Although no r> has been 
measured for this source, it seems likely to be an AXP 
given its period and location at the center of a supernova 
remnant ijGaensler et al.in"999fl . It thus is plausible that 
the 1993 outburst was similar to that of IE 2259-1-586 or 
XTE J1810-197, although the Hkely dynamic range for 
this source is unprecedented for an AXP. See the contri- 
bution to these proceedings by Tam et al. and lTam et alJ 
(!2006f) for more details. 

One of the most puzzling aspects of transient AXPs is 
why the quiescent source is so faint. In the standard mag- 



Recent Progress on Anomalous X-ray Pulsars 



5 



netar model, the requisite magnetic field decay energy with pulse phase and have no extended tails. Type B 
input is persistent, as is the magnetos pheric twist for a bur sts, on the other hand, thus far observed exclusively 
fixed magnetar-strength magnetic field ijThompson fc Duncknl AXPs. are correlated with pulsed intensity, generally 
[l996; ThoniDSon ct al. 2002). Although much attention 
has been paid to why a magnetar's flux might skyrocket 
suddenly - a sudden reconfiguration of the surface follow- 
ing a crustal yield - relatively little attention has been 
paid to how to stop or hide the bright X-ray emission 
from a neutron star presumably harboring a magnetar- 
strength field. 



3.2 Bursts 

During the 2002 IE 2259-1-586 outburst, over 80 short, 
SGR-like X-ray bursts were seen superimposed on the 
overall fiux trend over the co ur se of t he few-hour RXTE 
observation f;Kaspi et al.l 1200,*^ . Some were 
super-Eddington, though only on very short (few ms) 



time s cales. In a detailed analysis of these bursts. lGavriil et a. 
l|2004) found that in most respects, they are identical to 
SGR bursts. Specifically, the durations, differential flu- 
ence distribution, the burst morphologies, the wait-time 
distribution, and the correlation between fluence and du- 
ration, are all SGR-like. However a few of the burst prop- 
erties were different from those of SGR bursts: for exam- 
ple, the AXP bursts had a wider range of durations, the 
AXP bursts were on average less energetic than in SGRs, 
and the more energetic AXP bursts have the hardest 
spectra - the opposite of what is seen for SGRs. Unlike 
in SGRs, the AXP bursts were correlated with pulsed 
intensity. 

B ursts in AXPs were first reported bv iGavriil et alJ 
1)20021 who discovered two such events in archival RXTE 
data from the direction o f IE 1048.1-5937. A third burst, 
found nearly 3 yr later iGavriil et alJ l2006^. unambigu- 
ously identified the AXP as the origin thanks to a si- 
multaneous pulsed flux increase. The bursting behavior 
in this source is not obviously correlated with any other 
property, although we note tentatively that no bursting 
has been seen during the most recent 2 yr, when the pul- 
sar has been exhibiting much improved timing (see [j21 
Fig. ^ and also pulsed flux stability. Perhaps the burst- 
ing was symptomatic of whatever activity also caused the 
timing instability and pulsed flux flares (see ti3.3l below'l. 

Four bursts have a lso been seen frorn the transient 
AXP XTE J1810-197 l|Woods et alJ2005^ . These events 
consisted of a ~1 s spike followed by an extended tail in 
which the pulsed flux was enhanced, similar to the third 
burst of IE 1048. 1-5937 and a handful from IE 2259-^586 
The XTE J1810-197 and IE 1048.1-5937 bursts also 
showed a correlation with pulsed intensity, as did some 
of the IE 2259-1-586 bursts.^ 

These observations led IWoods et al.l l|2005^ to hy- 
pothesize that there are in fact two distinct classes of 
bursts, which they named Type A and B. Type A bursts 
are similar to SGR bursts, in that they are uncorrelated 



have long extended tails, and those tails tend to contain 
more energy than the burst itself. As both types of burst 
were seen in IE 2259-1-586, clearly they a re not mutu- 
ally ex clusive, even during the same event. IWoods et all 
l)2005f) speculate that Type A bursts have a magneto- 
spheric trigger, whereas Type B bursts originate from 
crust fractures. 

Most recently, a total of five small, sub-Eddington X- 
ray bursts have bee n seen betwee n April and June 2006 

' fnib et all [20061 



from 4U 0142-^61 l|KasDi et all 
work in preparation). The latter four, all within a sin- 
gle RXTE orbit, were clearly accompanied by a pulsed 
fiux increase (by a factor of ~4 relative to the long-term 
average) which decayed on a time scale of minutes. This 
suggests, as does the accompanying pulse profile change 
and timing anomaly, that this source may have entered 
extended active phase. 

With at least half of the known AXPs now established 
as capable of bursting, it is clear that the production of 
occasional though clustered short SGR-like bursts is a 



generic AXP phenomenon. 



3.3 Long-Term Flux Variations 

Variability in AXP IE 1048. 1-5937 had been reported 
for years (e.g. |(,!orbet fc Mihara 1.9.97: Qost^rt^rpek (gt af] 
ll998l:lBavkal et al.ll200nl:lMereghetti et aljl2004l) . RXTE 
monitoring determined the time scale of the changes and 
the morphology of the pulsed light curve with far supe- 
rior t ime sampling than in previous studies l|Gavriil & KasDij 
|2004|) . Specifically, the RXTE monitoring showed that 
over yr, the source exhibited two extended pulsed 
flux "flares," the first lasting ~100 days and the second 
lasting over a year, each with rise times of several weeks. 
Assuming a distance to the so urce of 5 kpc (which is 
not especially well established) . iGavriil fc Kaspil l)2004|) 
estimated the total energy released in the pulsed com- 
ponents of the first and second flar es to be 3 and 30 
X 10""^ erg, respectively. Subseauentlv. lTiengo et alJl)2005f) . 
using XMM, which (unlike RXTE) is sensitive to pulsed 
fraction, showed that in fact the pulsed fraction is anti- 
correlated with the phase-averaged fiux, suggesting the 
total energy released was at least twice that in the pulsed 
component. 

During these fiares, the spin-down rate flu ctuated by 
at least a factor of 10 l|Gavriil fc KasDi|l2004^ . However, 
there was no obvious correlation between the detailed 
evolution of the spin-down rate and flux. Recently, while 
its flux has been stable, IE 1048.1—5937 has shown much 
greater timing stability (see fjSlabove) . This suggests that 
the large torque noise and fiux fiaring were causally re- 
lated; we must await another such event to confirm this. 

The flaring observed in IE 1048.1—5937, a new phe- 
nomenon not yet observed in any other AXP, is well un- 
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derstoo d in the con text of the twisted magnetosphere 
model l|ThomDson et aL 2002). The flux enhancements 
can be seen as being due to increased twisting of the 
magnetosphere by currents originating from the stressed 
crust. If so, a harder spectrum is expected when the 
pulsar is brighter. Unfortunately the existing data can- 
not confirm this important prediction for this source. 
Decoupling of the torque from the pulsed flux can oc- 
cur in this model depending on the location of the en- 
hanced magnetospheric current; a current near the pole 
will have a disproportionate impact on the spin-down. 
[CLavriil & KasDi ( 2004} argued that the absence of pre- 
dicted torque-luminosity variations in this source are 
problematic for models in which the X-ray emission origi- 
nates from accretion from a fossil disk fe.g.lChatteri ee et al 
l20nnHAlDail200lL but see U. Ertan et al.'s contribution). 

The twisted magnetosphere model prediction that 
flux should be correlated with hardness, though uncon- 
firmed in IE 1048.1—5937, does seem to be borne out 
in ob servations of IRXS J170849.0-400910 l|R,ea et all 
l2005l see contribution by N. Rea et al., this volume). 
Moreover, those authors suggest that the epochs of great- 
est hardness occur near those in which glitches were de- 
tected in this source (see ii2.2|l . with subsequent soft- 
ening post-glitch. At least one additional glitch needs 
to occur, with better observational coverage, before this 
conclusion is firm. 

Recently, much longer-term radiative variations have 
been identified in AXP 4U 0142-1-61, in which the pulsed 
flux appears to be increasing steadily since 2000, such 
that there was a ~20% change by early 2006, just prior 
to its exhibiting a sudden pulse proflle change and bursts. 
Interestingly, this variation does not seem consistent with 
magnetospheric changes given the predictions of the twi- 
sted magnetosphere model. This behavior is described in 
more detail in the c ontribution by R . Dib et al. to this 
volume as well as in iDib et aTl ^^2006^ . One particularly 
interesting implication of the increase in X-ray flux from 
this source is that the phenomenon provides a simple 
test of the irradiated fall-back disk model for the near- 
IR emission (see M.'.^ . If the source of irradiation, the 
AXP, increases in brightness, the disk ought to as well. 



Pre-outburst 



Outburst: Orbit 1 



Outburst: Orbit 2 




Fig. 5 Pulse profile change s in IE 2259-1-586 following its 
2002 outburst ilWoods et al]l200l) . 



file went from unity pre-outburst to roughly two mid- 
outburst, relaxing back to normal on a time scale of 
a few weeks (Fig. ISJ. Curiously, the temporarily larger 
peak in the 2002 outburst appeared to be the temporarily 
smaller peak in 1989, suggesting that even if the phys- 
ical origin of the events is the same, the details of the 
geometry were different. Given the nature of this event, 
a likely explanation for the pulse profile change is a mag- 
netospheric reconfiguration following a crustal fracture 
that simultaneously affected the inside an d outside of the 
star. T his very strongly suggests that the llwasawa et al.1 
(|l992ft pulse profile change was observed not long af- 
ter a similar event; this is consistent with their reported 
timing anomaly, and suggests such events occur roughly 
every 1-2 decades in this source. 



3.4 Pulse Profile Changes 

The first observed pulse profile change in an AXP was 
reported by jwa sawa et al. ( 1992) using GINGA data ob- 
tained in 1989. They witnessed a large change in the ratio 
of the amplitudes of the two peaks in the pulse profile of 
IE 2259-f 586, namely from near unity to over two. They 
also reported a contemporaneous timing anomaly which, 
in hindsight, is consistent with a spin-up glitch. 

A very similar pulse profile change was witnessed 
during and immediately following the 2002 outbu rst of 
IE 2259-f 586 (Kasoi et al.,.,2003.: Woods et al.l2004(l . Here, 
the ratio of the amplitudes of the two pulses in the pro- 



Most recently, long-term (i.e. time scale of several 
years) pulse profil e variations hav e been reported for 
AXP 4U 0142-h61 l|Dib et al.ll2006l see contribution by 
R. Dib et al, these proceedings). These accompany a 
long-term pulsed fiux increase (see ii3.3|l . The profile changes 
are consistent with a significant event having occured 
some time between mid-1998 and 2000, in which the sec- 
ond and higher harmonics of the profile increased dra- 
matically, and have been returning to their pre-event 
level ever since. This gradual evolution was, however, 
interrupted by an apparent sudden activity episode, in 
which an SGR-likc burst was detected along with a tim- 
ing anomaly in April 2006 (see ii3.2l Kaspi et al., 2006^) . 
The analysis of the latter data are in progress. 
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3.5 Near-IR Variability 

The large number of recent near-IR detections of AXPs 
has revealed an interesting new variability phenomenon 
in these sources. Following the 2002 outburst of 
IE 2259+586, there was an infrared (K^) enhancement 
by a factor of '^3, 3 days post-outburst. This then de- 
cayed together with the X-ray pulsed flux, with identi - 
cal power-law indices (see Fig.El ^XTlTam et al.ll2004j) . 
Those authors concluded that the origins of both flux in- 
creases were magnetospheric (but sec contribution by U. 
Ertan, these proceedings Ertan et al. 2006, for the fossil- 
disk viewpoint). A similar correlation was also reported 
for AXP XTE J1810-197 (|Rea et al.ll200^ . 

Meanwhile, significant near-IR var iability has also 
been reported for AXP IE 104 8.1-5937 lllsra cl ct al."2002 
IWang fc Chakrabartvi.2002:,Durant fc van Kerkwiik,.200E 
However, if anything, the near-IR is anti- correlated with 
the X-ray flux. This is puzzling given the 
IE 2259-1-586 and XTE J1810-197 results. It is worth 
keeping in mind, however, that there is now some evi- 
dence that IE 1048.1—5937 has been in an active phase 
from which it may have recently emerged (see 321 ! it will 
be interesting to see how its near-IR flux varies now that 
both the X-ray flux and timing have stabilized (see Fig. 

m 

In addition, * Durant fc van KerkwiikI ^^2006a^ report 
on near-IR observations of 4U 0142+61 and report no 
apparent correlation with the X-ray pulsed flux. They 
argue that the situation for this source is unclear and 
warrants additional, more frequent observations. Simul- 
taneous far-IR observations would also be of interest to 
establish conclusively that they originate from a separate 
mechanism, n amely radiation fro m a passive, irradiated 
fall-back disk JmnffelaDliml . 



4 AXP Spectra 

The description of spectra of AXPs has, until very re- 
cently, been limited to the soft (0.5-10 keV) X-ray band, 
as that is where AXPs were discovered and have been 
traditionally studied. However the recent discoveries of 
optical and near-IR emission have cast them firmly into 
the multi-wavelength regime, and the even more recent 
detections in the hard X-ray band as well as in the far-IR 
and radio bands broadens the situation even further. 



4.1 X-ray Spectra 

In the traditional 0.5-10 keV X-ray band, AXPs have 
long been known to show two-component spectra, which 
are well described by a blackbody plus a power law (e. 
IWhite et al.l 119961: llsrael et al.ll200lt iMorii et aW moi 
It is currently thought that the blackbody arises from 
internal heating due to the decaying intense magnetic 



field, while the non-thermal component is a result of reso- 
nant scattering of the thermal seed photons o ff magneto- 
spher ic currents in the twisted magnetosphere ijThompson et ahl 
|2002|) . Detailed spectral modelling in this framework ap- 
pears to describe the spe ctrum of 

IE 1048.1-5937 (|Lvutikov fc Gavrii]ll200^ . but see the 
contribution by N. Rea in these proceedings. Although 
some attempts were made to model the entire spectrum 
using a single blackbody distorted by the effe cts of the in - 
tense magnetic field on the atmosphere (e.g. IOzeill200lll . 
these could not reproduce the non-thermal component 
adequately (e.g . Pc rna ct al-2001: Thompson et al. 200^: 

iLai fc Rdmm ^ 

There is evidence supporting a physical connection 
between the two components, such as the ve ry slow evo- 
lution of the pulse profile w ith energy (e.g. llsrael et'al] 
) j200ltlGavriil fc Kaspill2002() . For some AXPs (for exam- 
ple IE 1048.1-5937 and IE 1841-045), there is little ff 
any variation in the pulse profile, with no obvious differ- 
ence between profiles in energy bands that are thermally 
and non-thermally dominated. Even in other AXPs for 
which the profile is energy-dependent, the profiles in 
bands that are thermally and non-thermally dominated 
are still very similar. This is in stark contrast to the sit- 
uation for rotation-powered pulsars, for which the ther- 
mal and non-thermal components gener ally have radi- 
cally different X-ray pulse profiles (e.g. iHarding et al.l 
120021) . 

Recently, iHalpern' fc GotthelJ l)2005D have suggested 
on purely theoretical grounds that the spectrum of XTE 
J1810— 197 is more appropriately described by a two- 
component model consisting of two blackbodies (see also 
contribution by E. Gotthelf et al. in this volume). Their 
main argument for this interpretation is that an extrapo- 
lation of the power-law component to low energies greatly 
exceeds that expected if the seeds are thermal photons 
from the surface, as the blackbody eventually runs out 
of photons to supply. Moreover, they argue, the expected 
blackbody cutoff would then result in a substantial un- 
derestimate of the infrared flux, assuming the latter is 
part of the non-thermal spectrum. Very recentlv. lDurant fc van Kerkwiifl 
Il2006c^ have shown using independently measured inter- 
stellar column densities that the intrinsic spectra really 
are cut off, i.e. the power-law component does not in 
fact extend far below the observable band. If correct, 
the rationale for preferring the double blackbody over 
the blackbody plus power law would not apply. 

This section would not be complete w ithout some dis- 

cussionof the interesting recent results of lDiirant fc van Kerkwil3 
linniSS) , some of which are reported on by Durant et al. 
in this volume. Speciflcally, using high-resolution X-ray 
spectroscopy, they identified absorption edges whose am- 
plitudes determine Nh under reasonable assumptions, 
independent of the overall continuum spectral modelling. 
Using these newly measured values of Nh and a novel 
distance estimation technique using reddening runs with 
distance for red clump stars, they were able to first im- 
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prove the spectral fits for several AXPs significantly, and 
second determine much improved distance estimates for 
them. Amazingly, among other things, they find that the 
soft X-ray luminosities of practically al l AXPs are consis 
tent wit h the value 

l)2006lJ) argue that this is consistent with the magne- 
tar model's prediction that there should be a saturation 
luminosity above which internal neutrino cooling is at 
work. 



The near-IR spectra of AXPs are an interesting puz- 
zle. First, given the variability in the near-IR f ti^{.5|l . piec- 
ing together an accurate instantaneous spectrum using 
phot ometry requires contemporaneous observations, not 



1.3x10"^^ erg s~^. rDurant fc van KerkajijiM vs possible. Even more of a problem has been the 

generally unknown reddening toward the sources, which 
have an enormous impact on the inferred intrinsic spec- 
trum. Nevertheless, some information regarding the op- 
tical and near-IR spectra of AXPs is known. Overall, 
the major mystery is how the optical and near-IR emis- 
sion connects with the X-ray spectrum. The blackbody 
emission seen in X-rays grossly underpredicts that in 
optical/near-IR, while a simple extrapolation of the non- 
thermal component (when the spectrum is described in 
this way - see ii4.1() generally overpredicts it. Expecting 
at least the optical emission to connect spectrally with 
the X-rays is reasonable given that the latter is pulsed in 
4U 0142-f61 (|Kern Ma,rtiTill2nn2l: IPhillon et a]\\2mFh 
hence seems likely to originate in the magnetosphere, as 
does, presumably, the non-the r mal X -ray emission. 

Very recently, I Wang et alJ 1)20061) have shown using 



4.2 Hard X-ray Spectra 

A particularly interesting recent AXP discovery is that 
they are copious ha rd X-ray emitters LMolkov et al.,,2004: 
iKuiper et al.ll200^ . Though their spectra in vF^, appear 
to fall off in the softer X-ray band, they turn up again 
above ~10 keV. The luminosities above 10 keV indepen- 
dently greatly exceed the available spin-down power by 
factors of over 100. This requires a new mechanism for 
accelerating particles in the magnetosphere, in addition 
to an energy source, presumably the decaying magnetic 
field. SGR 1806—20 has also been detected in this en- 
ergy range, thou gh interestingly it is somewhat softer 
than the AXPs ijMereghetti et al.ll2005|) . iKuiper et all 
l)2006() have further shown that the hard X-ray emis- 
sion is a generic property of AXPs, and for at least three 
sources, extends without a break up to 150 keV. They 
also show from COMPTEL upper limits that the break 
must lie under ^750 keV. Determining the location of the 
break could greatly constrain emission models, possibly 
even providing independent evidence for the magnetar- 
strength field. See the contribution by P. den Hartog et 
al. in this volume for details regarding hard-X-ray emis- 
sion from 4U 0142-^61. 

This hard X-ray emission, apart for being interesting 
for constraining the physics of magnetars, offers a unique 
way of detecting AXPs throughout the Galaxy, since the 
soft X-ray emission suffers from high absorption, espe- 
cially in the inner Galaxy. A focussing hard X-ray instru- 
ment (like the NASA mission concept NuSTAR) would 
have the capability of detecting every magnetar in the 
Galaxy, provided their hard X-ray emission is generic, 
even in quiescence. 



4.3 Optical and Infrared Spectra 

Currently, five of the known AXPs have been conclu- 
sively detected in the near-IR, with only 4U 0142-1-61 
(the closest, least absorbed AXP) having been detected 
optically. None of the SGRs has been detected optically, 
and only one has be en seen in the near-IR (SGR 1806—20; 
iKosugi et al.ll2005|) . and only during a particulary active 
phase. For a summary of these detections, see 
www.physics.mcgill.ca/~pulsar/magnetar/main.html and 
references therein. 



Spitzer data of 4U 0142-1-61 that in the far-IR, there ap- 
pears to be a component that is spectrally distinct from 
the near-IR emission. They interpret this component as 
resulting from a passive debris disk irradiated by the cen- 
tral X-ray source. They suggest that such disks, which 
originate from matter that falls back following the super- 
nova explosion, may be ubiquitous around neutron stars. 
They further suggest t hat the corr e lated near-IR/X-ray 
flux decay observed bv iTam et alJ l)2004|) following the 
2002 outburst of IE 2259-^586 and for XTE J1810-197 
(see §3.5) could be a result of a dis k around tha t AXP 
as well, a possibility also discussed bv lErtan et al.l |2006il 
and U. Ertan et al. in these proceedings. If the fallback- 
disk interpretation is correct for 4U 0142-1-61, the pulsed 
X-ray flux change recently detected in this source (' H3.3() 
may provide an oppo rtunity for a test of the disk hypoth- 
esis llDih et al .11200(1 and R. Dib et al. in this volume), as 
there should be a correlated increase in the near-IR flux. 
This idea requires that the overall X-ray flux, not just 
the pulsed component, also be increasing, which requires 
observations with an imaging X-ray telescope to verify. 



4.4 Radio Spectrum 

Very re cently (in fact after this meeting took place!), 
ICamilo et al. (2006 ) reported the detection of radio pul- 
sations from XTE J1810— 197. This was a magnetar first 
and in many ways a welcome discovery, having provided 
a nice radiative link between magnetars and radio pul- 
sars, in addition to the similarity already established 
from timing observations (see §2). It also demonstrated 
that pulsed radio emission can definitely be produced 
in magnetar-strcngth fields in contrast to some predic- 
tions (e.g. BarinjB:_fc Harding .1_99.S) . Previous searches 
of other non-transient AXPs had come up empty (e.g. 
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iBurgav et al.ll20fl3 ICrawford et al.ll2'00(l and see contri- 
bution by M. Burgay et al., this volume), suggesting the 
radio emission here might somehow be related to this 
source's transient nature. Given the small radio beam- 
ing fraction reasonably expected for such slow pulsars, 
the absence of radio pulsations from other sources could 
also be due to small-number statistics. 

Also interesting is the unusual spectrum of the radio 
emission seen from XTE J1810— 197. It has an unusu- 
ally flat spectrum, with spectral index > —0.5, whereas 
radio pulsars have very steep spectra, with most indices 
between -1 and -3. XTE J1810-197 is the brightest 
radio pulsar known at frequencies >20 GHz. Why this 
should be the case is an interesting new puzzle for mag- 
netar physics, one which has the potential to shed crucial 
new light on the long-standing problem of the origin of 
radio emission in rotation-powered pulsars. 



1 

- ^ 








1 . . 



10 30 
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Fig. 6 Spectrum of the 1 s after the peak of the first burst 
observed from IE 1048.1-5937 ( Gavriil ct a l. 2002). 



4.5 Spectral Features 

Finally, there have been reports of features in AXP spec- 
tra. The first such report was for IE 1048.1 —5937 during 
the fi rst of its two observed 2001 bursts ijGavriil et alJ 
|2002). The feature, which was most prominent in the 
first 1-s of the burst, was extremely broad and seen 
apparently in emission at a central energy of 14 keV 
(see Fig. EJ. In terms of flux, it was comparable to the 
burst continuum emission. It was very significant; Monte 
Carlo simulations showed that such a feat ure at any en- 
ergy w ould be seen only 0.01% of the time. lGavriil et all 
l|200ti() saw a similar feature in the third observed IE 1048. 
burst. In that case, the central energy meas ured was 
also ~13 keV. In addition. I Woods et alJ l|2005(l observed 
a similar feature in one burst from XTE J1810— 197, 
this time at energy 12.6 keV, with probability of chance 
occurence 4 x 10^^. If interpreted as proton cyclotron 
lines, the energies of these features imply a magnetic field 
above ~ 10"'^^ G, consistent with the magnetar hypothe- 
sis. However if the features are interpreted as electron cy- 
clotron lines, the implied field is correspondingly '^2000 
times lower. The latter would not necessarily be incon- 
sistent with the magnetar interpretation, as it is unclear 
what altitude above the neutron-star surface these lines 
originate. 

Note that similar spectral features during SGR bursts 
have also been reported in the tails of a few SGR bursts 
(Ibrahim et al. 2002, 2003, see contribution by A. Ibrahim 
et al., these proceedings). However, recently their statis- 
tical significance has been questioned (see contribution 
by P. Woods e t al.). 

iRea et all ()2005j) reported spectral features at cer- 
tain rotational phases from IRXS 170849.0-400910 from 
BeppoSax data. These were claimed at the time to be sig- 
nificant at the ^ 4(7 level. Observations with XMM of the 
same source saw no such features, implying either that 
the BeppoSax features were spurious or that the effect is 



time variable. See the contribution by N. Rea et al. in 
these proceedings for more information. 



5 Conclusions 

My hope in writing this review is to demonstrate that 
there remain many important unsolved problems in the 
study of AXPs. Overall, the basic issue of what dif- 
X_[g(^t]fciates AXPs from SGRs remains, as does the ori- 
gin of the intense magnetic fields inferred. Other im- 
portant issues for which there simply was not enough 
space for discussion here include the possible associa- 
tion of AXPs (an d SGRs) w ith massive st ar progenitors 
Ce.g. iFiger et alJ 12006: Mun o et alJl2006l see contribu- 
tion by B. Gaensler et al.), the puzzling lack of "anoma- 
lously" bright X-ray emission from high-magnetic field 
radio pulsars (see contribution by M. Gonzalez et al.), 
and the proposed connection between magnetars and 
the so-called "RRATS" ( McLaughlin et al. 200& and see 
contribution by A. Lyne in this volume). 

As for how some of these problems will be solved, 
continued monitoring observations with RXTE, as well 
as targetted studies with Chandra, XMM and INTE- 
GRAL, will obviously be of use. Greater concerted efforts 
in the optical and near- and far-IR are warranted, as are 
careful and repeated radio searches for transient pulsa- 
tions or other phenomena. Finally, target-of-opportunity 
observations at the times of the rare moments of AXP 
activity are definitely crucial for unravelling the overall 
physical picture of these very interesting sources. 
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